This study aimed to synthesise a complex of agar oligosaccharides (AOS) with ferric iron and to evaluate its physicochemical and structural characteristics. Based on single factor, Plackett-Burman and response surface optimal experiments of three factors at three levels, the optimised chelate conditions of the AOSiron (III) complex were mass ratio of AOS to iron ions of 4.5:1 g:g, reaction temperature of 74°C and reaction time of 60 min. Under these conditions, the iron content and total sugar content were 14.03 AE 0.42% and 66.07 AE 0.96%, respectively. The physicochemical analysis showed that AOS-iron (III) was soluble and steady at physiological pH, and it was easily reduced to iron (II). The structural characteristics of AOS and AOS-iron (III) were analysed by Raman spectroscopy, Fourier transform infrared spectroscopy, X-ray diffraction and Nuclear magnetic resonance, and results showed that the iron (III) ions were chelated to AOS by -OH groups and -COOH groups and widely dispersed on the AOS backbone. Therefore, AOS-iron (III) could be a candidate for iron supplementation to treat iron deficiency anaemia.
Introduction
Agar, an important marine polysaccharide extracted from red algae, is a compound polysaccharide made of repeating structures of b-1,4-D-galactopyranosy and la-1,3-L-galactopyranose (Hu et al., 2006; Enoki et al., 2010; Hong et al., 2017) . Agar is widely used as thickening agent, coagulant and emulsifier in biochemistry, food, cosmetics and medicine due to its high viscosity and good gelling ability (Wang et al., 2004; . Agar oligosaccharide (AOS) is a small molecular oligosaccharide linked by repeated units of agarobiose, produced from agar polysaccharide. Recent researches show that AOS has good antioxidant activity and is easily absorbed (Chen et al., 2005; Koti et al., 2013; Higashimura et al., 2013) .
Iron is an essential mineral that is involved in many physiological functions, and it plays a significant role in numerous metabolic processes and immune functions (Corc e et al., 2016) . Iron deficiency in the body can lead to iron deficiency anaemia (IDA) or dysfunction. Iron deficiency is highly prevalent in all age groups (Pasricha & Drakesmith, 2016) . Some studies reported that 46% of children aged 5-14 years old and 48% of pregnant women in the world are anaemic (Cottin et al., 2016) . The majority of IDA cases were due to iron deficiency in the diet, poor iron absorption and excessive loss of iron (Denic & Agarwal, 2007) . Fortifiers of iron are often used to control IDA, such as oral supplements of ferrous salts (e.g. ferrous sulphate, ferrous succinate and ferrous gluconate) (Lebedev et al., 2016) . However, ferrous salts are chemically unstable due to the presence of free iron ions, which easily produce free radicals, leading to lipid peroxidation and gastrointestinal side effects (Mimura et al., 2008; Cancelo-Hidalgo et al., 2013; Hern andez et al., 2015) . Although low-cost oral iron supplements have been improved, IDA is still considered to be the most common nutrition deficiency worldwide (Sobhani et al., 2011) .
Studies of polysaccharide-iron complexes have been conducted. Polysaccharide-iron complexes, such as iron polymaltose complex and niferex, have a beneficial effect on IDA by intravenous injection, compared to a poorer therapeutic effect on IDA by the oral administration of ferrous sulphate (Liu et al., 2004; Afzal et al., 2009) . However, intravenous injection is expensive. Thus, oligosaccharide-iron complexes have become a new research direction for IDA treatment. The current researches on oligosaccharide-iron complexes mainly involve the chelation of iron ions with isomaltooligosaccharides, chitooligosaccharides and soybean oligosaccharides (Yang et al., 2011; Mao et al., 2015; Xu et al., 2017a) . Oligosaccharide-iron complexes have superb water solubility, and oral doses do not cause gastrointestinal irritation (Mao et al., 2015) .
Agar oligosaccharide has good water solubility and is easily absorbed by the body, and the molecule containing a large number of hydroxyl and carboxyl groups (Kazłowski et al., 2008; Hong et al., 2017) may play a stable coordination effect on metal ions. So, this study focused on preparation of the AOS-iron (III) complex using AOS and ferric chloride, and investigation of its physicochemical and structural characteristics. The results will provide basis for the development and application of new iron supplement.
Materials and methods

Materials
Commercial agar was purchased from Fujian Lvqi Food Colloid Company (Zhangzhou, China). Iron standard solution was purchased from Shanghai Aladdin Biochemical Technology Company (Shanghai, China). Galactose standard product was provided by Beijing Solarbio Biochemical Technology Company (Beijing, China). All other chemical reagents of analytical grade were purchased from Sinopharm Chemical Reagent Company (Fuzhou, China).
Preparation of AOS
Agar oligosaccharides was prepared according to the modified method of Kazłowski et al. (Kazłowski et al., 2015) . First, 4.0 g of agar was dissolved in 100.0 mL of distilled water. Then, 1.0 mol L À1 HCl was added into the 4.0% (w/v) agar solution, and the final concentration of HCl was 0.1 mol L À1 . The solution was mixed by stirring at 90°C for 90 min. The reaction was terminated by adjusting the pH to 7 with 1.0 mol L À1 NaOH. The water-insoluble residue was removed by centrifugation at 5500 g for 15 min. The supernatant was concentrated by rotary evaporation at 55°C under vacuum, and then absolute ethanol was added to bring the final ethanol volume fraction to 70%. The sample was kept at 4°C for 24 h, and then the ethanol-insoluble residue was removed by centrifugation. The supernatant was concentrated and freeze-dried using a freeze-dryer (EYELA FDU-1200; Tokyo Rikakikai Co. Ltd., Tokyo, Japan), and this product was the AOS.
Preparation of AOS-iron (III)
Agar oligosaccharides-iron (III) was chelated following the method of Wang et al. (Wang et al., 2005) using various amounts of AOS, iron and sodium citrate and different reaction temperatures and times and pH values to determine optimal conditions for producing the product. Different amounts of AOS and sodium citrate were dissolved in 10.0 mL of distilled water, and the solutions were placed in a water bath at 60°C with continuous stirring for 10 min. The solution pH was regulated to the desired value by adding 1.0 mol L À1 HCl or 1.0 mol L À1 NaOH. Certain volumes of FeCl 3
. 6H 2 O (2.0 mol L À1 ) solution then was added to the mixture solutions. The reaction was controlled at various temperatures and times. The mixture solutions were centrifuged at 5500 g for 15 min. To eliminate unbound iron ions and the other small molecules chelated by iron, the supernatants were collected, concentrated and dialysed by dialysis bag (500 Da) in deionised water for 48 h. The dialysates were concentrated and freeze-dried, and these products were the AOS-iron (III).
Experimental design
Single-factor experiments Effects of mass ratio of AOS to iron ions (X 1 ), reaction temperature (X 2 ) and reaction time (X 3 ) as well as mass ratio of AOS to sodium citrate (X 4 ) and pH value (X 5 ) on the iron content of AOS-iron (III) were studied. The levels of the five variables tested were X 1 (40:1, 20:1, 10:1, 5:1, 2.5:1; g:g), X 2 (50, 60, 70, 80, 90°C), X 3 (20, 40, 60, 80, 100 min), X 4 (1:2, 1:1, 2:1, 3:1, 4:1; g:g) and X 5 (1, 3, 5, 7, 9) . All trials were performed in triplicate. During the experiment, except for the factors examined, the levels of other factors were fixed: X 1 (5:1 g:g), X 2 (70°C), X 3 (60 min), X 4 (2:1 g: g) and X 5 (5).
PB experiments
Based on the single-factor experiments, a twelve-trial PB design (Mi et al., 2013; Kumar et al., 2015) was used to select the main factors from the five factors (X 1 , X 2 , X 3 , X 4 and X 5 ). For each factor, two levels were specified: low (À1) and high (+1). The iron content (Y) was used as the response value in the experiments. The levels of five variables tested were X 1 (5:1, 2.5:1; g:g), X 2 (50, 70°C), X 3 (40, 60 min), X 4 (1:1, 2:1; g:g) and X 5 (3, 5). Table 1 shows the experimental design and results. All experiments were repeated three times.
Response surface optimisation experiments
Optimisation of the iron content of AOS-iron (III) (Y) was achieved using response surface methodology (RSM). Based on the results of the PB experiments, three main influencing factors (X 1 , X 2 and X 3 ) were selected for the optimisation experiments. The threelevel and three-factor Box-Behnken design was used to assess the relationship between variables. For each factor, three different levels were replaced by numbers: low (À1), medium (0) and high (+1). The levels of the three factors were X 1 (7.5, 5.0, 2.5; g:g), X 2 (50, 70, 90°C) and X 3 (40, 60, 80 min). The mass ratio of AOS to sodium citrate (2:1 g:g) and pH 5 were fixed. All experiments were repeated three times. Table 2 shows the RSM design and results. RSM design was based on a quadratic polynomial model (1):
Physicochemical characteristics of AOS-iron (III)
Determination of the iron content The iron content of the samples was determined using the method of Artimon et al. (Artimon et al., 2009) . First, 10.0 mg of AOS-iron (III) was dissolved in 100.0 mL deionised water, and then 5.0 mL of the solution was transferred into a 50.0-mL volumetric flask and diluted to 50.0 mL using deionised water. The samples were analysed at k = 248.3 nm by an airacetylene flame, and a standard curve (Y = 0.1268X + 0.0111; R 2 = 0.9992; n = 6) was previously plotted (AA-6300C, Atomic Absorption Spectrophotometer, Shimadzu, Japan). The mass of iron in AOSiron (III) was calculated by the standard curve. The iron content describes the mass percentage of iron to AOS-iron, calculated as follows:
Iron content ð%Þ ¼ Mass of iron in AOS À ironðIIIÞ=ðgÞ Mass of AOS À ironðIIIÞ=ðgÞ Â100 ð2Þ
Measure of total sugar content The total sugar content of each sample was measured using the phenol sulphuric acid colorimetric methodology of Oftedal et al. (Oftedal et al., 2014) , and galactose was used as the standard.
Determination of molecular weight
Based on the modified method of Lin et al. (2015) , the molecular weight of AOS and AOS-iron (III) was estimated using a multi-angle laser light scattering detector (DAWN EOS, Wyatt Technology Corp., Goleta, CA USA) with a high performance liquid chromatography system (HPLC 1100, Agilent, Palo Alto, CA, USA) equipped with a refractive index detector and a TSKgel G2000 PWxl column (300 mm 9 7.8 mm, Tosoh Bioscience, Tokyo, Japan) at 25°C. Each solution was filtered through a semipermeable membrane (0.22 lm) before the experiment, with elution using a 0.1 mol L À1 mobile phase (sodium chloride + sodium azide, pH 7.0 AE 0.2) at a stream speed of 0.5 mL min
À1
.
Qualitative identification
Qualitative identification was studied according to the modified method of Wang et al. (Wang et al., 2015) . For this analysis, 50.0 mg of AOS-iron (III) was dissolved in 50.0 mL of distilled water to obtain an AOS-iron (III) solution (pH = 4.68), and FeCl 3 solution (2.0 mol L À1 ) was added to 50.0 mL of boiling water until the solution turned reddish brown to obtain an Fe(OH) 3 sol (pH = 2.24). The AOS-iron (III) solution (1.0 mg mL À1 ) and Fe(OH) 3 sol were observed for colour. Aliquots (2.0 mL) of the two samples were taken in triplicate, and they were Table 2 The response surface experimental design and results of the iron content of AOS-iron (III) 
Hydrolysis experiment
FeCl 3 , FeSO 4 and AOS-iron (III) were dissolved individually in distilled water, and the three kinds of solutions were prepared with a concentration of 0.01 mol L À1 iron ions. For each, a 20.0 mL sample solution was accurately measured, and standard solution (0.01 mol L À1 NaOH) was added dropwise. The titration curve was plotted, and the stability of the three kinds of substances at different pH values was observed and recorded. The experiment was performed three times.
Reductive experiment
The reduction experiment was conducted using phenanthroline colorimetry (Luo et al., 2013) . Briefly, a 50.0 mL AOS-iron (III) (Fe 3+ : 1.0 mmol L À1 ) solution was prepared, and 2.0 mL of it was transferred into each of eight 50.0-mL volumetric flasks. The pH in the solutions was adjusted to 1, 2, 3, 4, 5, 6, 7 and 8 using NaOH solution or HCl solution, and then ascorbic acid (0.02%, 2.0 mL) and phenanthroline (0.12%, 3.0 mL) were added. The distilled water of the corresponding pH value was added to reach a total volume of 50.0 mL, and the mixtures were kept at 37°C. The absorbance (A) was measured at 510 nm with an interval of 0.5 h. The experimental principle of phenanthroline colorimetry is as follows (Zhang et al., 2012) : ascorbic acid reduces iron (III) in AOSiron (III) to iron (II) in an acidic environment, and then iron (II) is linked with phenanthroline to generate red chelates. The different shades of colour reflect the level of iron (II).
Structural characteristics of AOS-iron (III)
RS analysis RS analysis was performed using a Renishaw Raman InVia Reflex Spectrometer (Renishaw, Wotton-underEdge, UK) with a slit width of 65 lm, a power of 300 mW, a single scan of 10 s and an excitation wavelength of 785 nm. The AOS and AOS-iron (III) solutions (10.0 mg mL À1 ) were scanned in the wavelength range of 100-3700 cm À1 to obtain the RS of the measured samples (Porta et al., 2014) .
FTIR analysis
The infrared spectrum was measured using a FTIR spectrometer (FTIR-8400S, Shimadzu, Japan). First, 5.0 mg samples of AOS and AOS-iron (III) were mixed individually with 500.0 mg of potassium bromide (KBr), and then the mixtures were pressed into a sheet and analysed. The infrared spectrum was recorded with 4 cm À1 resolution and 32 scans at wavelength range of 4000-400 cm À1 . The carbon dioxide and water vapour in the spectrum of the original sample were calibrated using the atmospheric compensation program of the OPUS 7.0 software (Bruker Optics GmbH, Ettlingen, Germany) (Pascolo et al., 2016) .
XRD analysis XRD was measured using an X-ray powder diffraction device (TENSOR 27, Bruker). First, 100.0 mg of FeCl 3 , AOS and AOS-iron (III) were subjected individually to a XRD scan. Measurement conditions were as follows: Cu targets as the anode, 40 kV tube voltages, 40 mA tube current, 5°/min scanning speed and 4°-70°scanning range. The spectra were processed using MDI Jade software 5.0 (Materials Data, Livermore, CA, USA).
H NMR analysis
The 1 H NMR spectra of AOS and AOS-iron (III) were recorded using a Bruker Advance III 500 MHz instrument operating at 400 MHz at room temperature. Respectively, AOS and AOS-iron (III) were dissolved in pure D 2 O and then freeze-dried three times to remove moisture. For analysis, 50.0 mg of each purified sample was placed in a NMR tube, and a 5.0% (w/v) solution was made using D 2 O solution.
Statistical analysis
All data were analysed using SPSS software (version 21.0; IBM Corp., Armonk, NY, USA). Results were expressed as the mean AE standard deviation (SD). Single-factor analysis of variance was conducted, followed by Dunnet's test. A value of P < 0.05 was considered to be statistically significant. The PB experiment data were processed using Minitab 17 software (Minitab Inc., State College, PA, USA). The RSM experiment data were processed using Design-Expert 8.0.6 software (State-Ease Inc., Minneapolis, MN, USA).
Results and discussion
Effect of single factors on iron content of AOS-iron (III) Figure 1a shows the important effect of the mass ratio of AOS to iron ions on iron content of AOS-iron (III) (P < 0.05). When AOS forms a chelate with a metal ion, a central metal ion can form a chelate ring with a plurality of AOS. The more the rings are formed, the more stable the chemical structure of the chelate compound is . The iron content increased drastically in the range from 40:1 to 5:1 g:g; this is due to an increase in the amount of iron ions added. And then, the iron content decreased drastically in the range from 5:1 to 2.5:1 g:g; this is due to the addition amount of AOS decreases, and a stable ring structure cannot be formed; thus, the centrifugation operation results in a decrease in the iron content. The iron content was highest (11.47 AE 0.49%) at mass ratio of AOS to iron ions of 5:1 g:g. Figure 1b shows that reaction temperature significantly affected the iron content (P < 0.05), as it increased significantly when the reaction temperature increased from 50 to 70°C. The iron content then decreased at temperatures over 70°C. The iron content was highest (13.89 AE 0.53%) at reaction temperature of 70°C. Figure 1c shows that reaction time also influenced the iron content. The rate increased slightly between 20 and 40 min (P > 0.05), and then it increased dramatically when the reaction time changed from 40 to 60 min (P < 0.05). The iron content was highest (12.50 AE 0.23%) at 60 min. At reaction time over 60 min, iron content decreased (P < 0.05). ) and (e) pH value. Symbols 'a' to 'e' indicate significant differences (P < 0.05). Each value is the mean AE SD of triplicate measurements (n = 3). Figure 1d shows that iron content increased and then decreased with the increase in mass ratio of AOS to sodium citrate (P < 0.05). Iron content was highest (11.89 AE 0.24%) at the mass ratio of 2:1 g:g. Sodium citrate and AOS are ligands for iron (III) (Gautier-Luneau et al., 2005; Wang et al., 2011) . Sodium citrate acts as a bridge to link AOS and iron (III), and then it separates from AOS-iron (III) (Xu et al., 2017b) . Therefore, sodium citrate was available for further reaction to get more AOS-iron (III). However, an excessive amount of sodium citrate led to decreased pH of the solution (Lu et al., 2016) , resulting in decreased iron content (Fig. 1e) .
Iron content also was influenced by pH (Fig. 1e) . Excess acid or alkali had a great influence on iron content (P < 0.05). The iron content was highest (11.36 AE 0.59%) at pH 5. When the acid level was too high, H + competed with Fe 3+ for binding with hydroxyl or carboxyl groups in AOS, which resulted in incomplete coordination of the iron ions. When the pH was too high, anions competed with the active groups of the AOS molecules to form Fe (OH) 3 precipitates, which resulted in the lack of sufficient Fe 3+ to chelate with the AOS (Gao et al., 2012) .
Factor selection using the PB design
All five factors affected the iron content, but they were not equally important. The PB design method was used to identify the important factors (Jin et al., 2011) . Table 1 shows the experimental results, and Table 3 shows the regression analysis results. The regression coefficients of the five variables showed positive effects on iron content. Variables X 1 (mass ratio of AOS to iron ions), X 2 (reaction temperature) and X 3 (reaction time) had confidence levels >95%, whereas the confidence levels of X 4 (mass ratio of AOS and sodium citrate) and X 5 (pH value) were <95%. Therefore, X 1 , X 2 and X 3 were selected as important factors for further optimisation, and the mass ratio of AOS to sodium citrate and pH value were set to 2:1 g:g and 5, respectively. Table 2 shows the experimental matrix and results of the RSM. The regression equation for iron content (Y) was as follows:
Response surface optimisation of AOS-iron (III) preparation conditions
Establishment of regression model and analysis of variance
Variance analysis was performed to explain the effectiveness of the regression equation and the degree of influence of each factor on iron content. Table 4 shows that the model's P-value was <0.01, which indicates that the regression model was highly significant. The P-value for lack of fit was 0.4209 (>0.05), which indicates that the lack of fit was not significant. The model's R 2 value (0.9865) shows that the model fully represented the relationship between factors and iron content, and the adjusted R 2 (0.9692) also confirmed that the fit degree of the regression equation was very good (Sin et al., 2006) . If the coefficient of variation (CV) is <10%, the model is considered to be reproducible (Kosti c et al., 2016) . In this analysis, the CV value was 3.11%, which indicates that experimental accuracy and reliability were high (Yu et al., 2016) .
The P-value and significance results show that linear coefficients (X 1 and X 2 ), quadratic term coefficients (X 1 2 , X 2 2 and X 3 2 ) and cross-product coefficients (X 1 X 2 and X 2 X 3 ) were highly significant (P < 0.01) ( Table 4 ). In addition, the linear coefficient (X 3 ) was significant (P < 0.05). These results indicate that the model could be used to predict the preparation conditions of AOS-iron (III).
Analysis of response surfaces and contours
Three-dimensional response surfaces and two-dimensional contour plots reflect the degree of interaction between variables. Circular contour plots show that interactions between variables are not significant, whereas elliptical contour plots indicate that interactions between variables are significant (Claver et al., 2010) . Figure 2a -1 and a-2 shows the effects of the mass ratio of AOS to iron ions, reaction temperature and their interaction effects on the iron content. Iron content increased significantly as mass ratio of AOS to iron ions changed from 7.5 to 5.0, and reaction temperature increased from 50 to 70°C. As the mass ratio of AOS to iron ions further decreased and reaction temperature increased, the iron content decreased slowly. The elliptical contour plot indicates that their interaction was also significant (Fig. 2a-2) .
Figure 2b-1 and b-2 shows that the iron content increased as the mass ratio of AOS to iron ions increased from 2.5 to 5.0 and then decreased sharply. Iron content also increased as the reaction time changed from 40 to 60 min and then gradually decreased. The circular contour plot indicates that the interaction of mass ratio of AOS to iron ions and reaction time was not significant (Fig. 2b-2) .
The effects of reaction temperature, reaction time and their interaction on the iron content are shown in Figure 2c -1 and c-2. Iron content was highest at 70°C and 60 min. The elliptical contour plot indicates that the interaction of reaction temperature and reaction time was highly significant ( Fig. 2c-2 ).
Experimental validation of the optimised condition
According to model (3), the predictable optimal experiment conditions were mass ratio of AOS to iron ions of 4.51:1 g:g, reaction temperature of 74.2°C and reaction time of 60.5 min. In order to operate conveniently, the conditions were slightly adjusted to mass ratio of AOS to iron ions of 4.5:1 g:g, reaction temperature of 74°C and reaction time of 60 min. Under these conditions, the iron content was 14.03 AE 0.42% (n = 3), which was very close to the predicted value (14.69%).
Physicochemical characterisation of the prepared AOS-iron (III)
Molecular weight and total sugar content determination As shown in Table 5 , AOS-iron (III) has a higher molecular weight and lower total sugar content compared with that of AOS. The difference in molecular weight and total sugar contents between AOS and AOS-iron (III) was due to the presence of 14.03% iron in the AOS-iron (III) (Lu et al., 2016) . Table 6 shows the qualitative identification results of AOS-iron (III). AOS-iron (III) solution was yellowbrown in colour, and it was insoluble in ethanol. In contrast, Fe(OH) 3 solution was a red-brown colour and was soluble in ethanol. When the NaOH solution and the K 4 [Fe(CN) 6 ] solution were added dropwise to the AOS-iron (III) solution, no significant changes were detected. However, when the NaOH solution and the K 4 [Fe(CN) 6 ] solution were added dropwise to the Fe(OH) 3 solution, red-brown precipitates and blue precipitates appeared, respectively. These results indicate that no free Fe 3+ was present in the AOS-iron (III) solution, showing that a stable complex was generated (Wang et al., 2015) .
Qualitative experiment
Hydrolysis experiment
The principles of the hydrolysis experiment are as follows: free iron ions are present in the solution after samples are hydrolysed, and free iron ions can react with the OH-in the NaOH to form precipitates. When the degree of hydrolysis of samples is high, many precipitates are produced; at same time, solution pH will not increase or increase a litter with the dropwise addition of NaOH solution. Otherwise, solution pH will increase sharply (Bereman & Berg, 1989) .
When 0.5 mEq of NaOH solution was added, the pH of the FeCl 3 solution gradually increased to 3.3 (Fig. 3) . The pH increased sharply to 9.8 when 0.6 mEq of NaOH solution was added, and pH slowly increased to 10.9 when more NaOH was added. The high degree of initial hydrolysis of FeCl 3 slowly increased the solution pH. As more NaOH solution was added, hydrolysis was almost complete, so solution pH increased rapidly until it was nearly constant. The pH curve for the FeSO 4 hydrolysis solution was similar to that of FeCl 3 solution; the pH value was higher at the initial concentration and lower at greater NaOH concentrations. Compared to the FeCl 3 and FeSO 4 solutions, the pH of the AOS-iron (III) solution rapidly increased to 10.8 with the addition of 0.2 mEq of NaOH solution, and then it approached equilibrium (11.5). At the same time, no precipitate was observed throughout the experiment. These results indicate that, at physiological pH (4.5-8.5) (Zhu et al., 2016) , FeCl 3 and FeSO 4 were converted to ferric hydroxide and were not usable in the body (Zhang et al., 2012) , whereas AOS-iron (III) was soluble and steady at physiological pH. Figure 4 shows the absorbance of the AOS-iron (III) solution at different pH values at different reaction times. The absorbance of AOS-iron (III) solution was 0.23 in the pH range of 2-8 at 0.5 h, and the value increased to~0.35 at 3.0 h and then slowly approached a stable value (0.37) at 4.0 h. However, at pH 1, the absorbance of the AOS-iron (III) solution was 0.05 at 0.5 h, and then it gradually increased to 0.12. These results indicate that the iron (III) in AOSiron (III) was rapidly reduced to iron (II) within 3.0 h in the pH range of 2-8, whereas a small amount of reduction occurred at pH 1. Thus, AOS-iron (III) had a good reduction performance in the physiological pH range. These results also indicate that AOS-iron (III) can be absorbed in the form of iron (II) in the physiological pH range (Zhang et al., 2012) . Figure 5a shows the Raman spectra of AOS and AOSiron (III). AOS had many obvious characteristic absorption peaks in the range of 100-3300 cm À1 , whereas AOS-iron (III) only had one absorption peak at 131 cm À1 . Compared with that of AOS, the intensity of the peak at 131 cm À1 was weakened, and the peaks at 350, 878, 1074, 1464, 1634, 1828, 2905 and 3222 cm À1 were not present. These results suggest that the coordination of AOS and iron (III) formed a new complex. Figure 5b shows the FTIR spectra of AOS and AOSiron (III). Compared with that of AOS, the absorption peak of AOS-iron (III) at 3385 cm À1 was sharper, indicating more O-H groups in the structure of AOSiron (III) (Shi et al., 2013; Kyzas et al., 2016) . AOS had an absorption peak at 1725 cm À1 (-COOH) (Dolamic et al., 2008) that was absent in the AOSiron (III) spectrum, which indicates that -COOH might be chelated with iron (III). In addition, bands at 1636 and 1412 cm À1 in the AOS spectrum indicated the presence of a free carboxylic carbonyl group (Siqueira et al., 2011; Pouyet et al., 2015) and carboxylic acids group (Xu et al., 2017b) , respectively. In the AOS-iron (III) spectrum, the two peaks showed some migration (1605 and 1386 cm À1 ), which means that iron (III) and AOS might be combined by the -OH groups (Tang et al., 2013) . Compared to the absorption bands (C-H) of AOS at 2930 and 1220 cm À1 , the peak of the absorption bands for AOS-iron (III) shifted to 2937 and 1257 cm À1 , which was related to the interplay of AOS and iron (III) (Zhu et al., 2014; Wang et al., 2015; Allen et al., 2016) . Compared with the absorption bands (C-O and C-C) of AOS at 1081 and 891 cm À1 (Muresan et al., 2015) , the positions (1069 and 911 cm À1 ) for AOSiron (III) differed significantly due to the chelating reaction, and intensity of the peaks was strengthened. Some characteristic absorption peaks in the carbohydrate fingerprint region (1000-400 cm À1 ) of AOS-iron (III) were peculiar to b-FeOOH (Gao et al., 2017) . In the AOS-iron (III) spectrum, four new peaks at 853, 640, 594 and 556 cm À1 appeared, which showed that the polymerised iron cores of b-FeOOH were present in AOS-iron (III) (Liang et al., 2007; Wei & Nan, 2011) .
Reductive experiment
Structural characterisation of AOS-iron (III)
Raman analysis
FTIR analysis
XRD analysis XRD analysis is a structural analysis methodology used to evaluate the inner distribution of atoms, and it can reflect the crystal structure of materials (Rotella et al., 2014) . Figure 5c shows the XRD patterns of AOS, AOS-iron (III) and FeCl 3 . FeCl 3 had five strong absorption peaks at 28.46°, 31.73°, 39.25°, 41.56°and 59.75°, and some small peaks in the region 15°< 2h < 70°also were detected. AOS and AOSiron (III) had no obvious absorption peak in the region 10°< 2h < 70°and only showed a bulge diffraction peak in the region 15°< 2h < 30°; these results indicate that AOS-iron (III) was essentially amorphous (Chitte et al., 2011) . Compared with that of AOS, the intensity of diffraction peak of AOS-iron (III) was lower, which suggests that AOS-iron (III) had poor crystallinity (Mao et al., 2015) . On the other hand, the XRD patterns of AOS-iron (III) did not contain the characteristic diffraction peaks found in FeCl 3 , which indicates that iron (III) could be chelated with AOS and widely dispersed in the sugar chains.
H NMR analysis
The 1 H NMR spectra showed that the chemical shifts of AOS were mainly concentrated in the range of d 3.3-5.6 ppm ( Fig. 5d-1) , and the AOS peak at 4.69 ppm (Fig. 5d-1 ) and the AOS-iron (III) peak at 4.70 ppm (Fig. 5d-2) were the water peaks (Smith et al., 2010) . According to the rules of chemical shift of oligosaccharides, the anomeric proton signals of oligosaccharides are mainly in the range of d 4.0-5.6, the terminal hydrogens of a-glycosides usually are >d 5.0 ppm, and those with b-glycosides are <d 5.0 ppm, and these characteristics can be used to distinguish the two glycosides (Xu et al., 2014) . The 1 H NMR spectra of AOS (Fig. 5d-1 ) revealed signals of terminal hydrogen protons at d 5.0-5.6 ppm, suggesting that AOS contains a a-glycoside bond. However, the whole signal for AOS was absent, except for the water peak at 4.70 ppm, in the AOS-iron (III) spectrum ( Fig. 5d-2 ). This might be due to the existence of the relatively large blinded zone near the high-spin (S = 5/2) iron (III) centres (Jimenez & Moratal, 2002; Bertini et al., 2005; Domracheva et al., 2016) , with AOS ligands obviously located entirely within this region, and the proton spectra signals were broadened to such an extent that they almost vanished. The existence of the 'blind region' (Fig. 5d-2 ) revealed that the AOS was bonded to iron (III).
Conclusions
In this study, a novel AOS-iron (III) complex was prepared using the chelate reaction. The main factors influencing the process were identified by PB experiments and further optimised by RSM experiments. Under the optimised conditions of mass ratio of AOS to iron ions of 4.5:1 g:g, reaction temperature of 74°C and reaction time of 60 min, the iron content and total sugar contents of AOS-iron (III) were 14.03 AE 0.42% and 66.07 AE 0.96%, respectively. AOS-iron (III) had good solubility, and it was soluble and steady at physiological pH. The complex might be completely absorbed in the form of iron (II) and did not produce free iron (III) ions. The iron (III) ions were chelated by the -OH groups and -COOH groups to AOS and were widely dispersed on the AOS backbone. Thus, the AOS-iron (III) complex is a potential candidate for iron supplementation to treat iron deficiency anaemia.
